little was internalized found its way to perinuclear vesicles, shown to be lysosomes by lamp-1 staining (not shown). In mature DCs, FITC-OVA uptake was not detectable.
Essentially the same results were obtained when the kinetics of FITC-OVA or lucifer yellow (LY) endocytosis were measured quantitatively by flow cytometry ( Figure  1B) . Uptake of FITC-OVA by immature cells increased continuously for at least 30 min, although LY accumulation appeared to plateau by this time, perhaps reflecting the onset of maturation in the cultures used in this experiment (maturation can be induced simply by physical manipulation of the cultures). Developmentally synchronized cultures of intermediate DCs internalized Ͼ5-fold less of these probes over a 30 min time course and, again, uptake of either FITC-OVA or LY was not detected in mature DCs. Thus, the receipt of a maturation stimulus appeared to rapidly inhibit endocytosis, with intermediate DCs already exhibiting a marked decrease in uptake of two fluid phase markers.
DC Maturation Does Not Decrease Plasma Membrane Clathrin Coated Pits and Vesicles
Having established that maturation induces a rapid inhibition of endocytosis, we next asked if DCs selectively inhibited any particular form of endocytosis. To deter- these bacteria inject a variety of gene products into of Cdc42 and Rac1 by injection of dominant negative Cdc42, Rac1, or WASP mutants inhibited endocytosis their intended hosts, it remained possible that additional factors might play a role. To address whether Rho in immature DCs. We next asked if we could restore endocytosis in GTPases directly modulate endocytosis in DCs, we microinjected purified recombinant Cdc42 and Rac1 promature DCs by injecting constitutively activated Cdc42 or Rac1. Cells were injected and assayed for endocytoteins.
We first attempted to inhibit endocytosis in immature sis by a 5 min incubation in HEL to reduce the chances for secondary effects of these proteins. As shown in DC by inactivating endogenous Cdc42 or Rac1 by microinjecting their respective dominant-negative mutant
Figure 5B, both Cdc42-L61 and Rac1-L61 resulted in HEL internalization in mature DCs. Importantly, injection forms, Cdc42-N17 and Rac1-N17 (Ridley et al., 1992). As shown in Figure 5A , injection of Cdc42-N17 or Rac1-of purified SopE, the S. typhimurium Cdc42/Rac1 guanine nucleotide exchange factor, also induced HEL inter-N17 blocked endocytosis of hen egg lysozyme ( We determined the levels of GTP-bound Cdc42, Rac1, gesting that activation of endogenous Cdc42 in mature and Rac2 in immature and mature DCs by assaying the DCs also elicited HEL uptake in a Rac1-independent ability of the endogenous GTPases to bind p21 activated fashion. On the other hand, the ability of the active Rac1-kinase (PAK). This well established assay is based on L61 mutant to induce endocytosis was inhibited by cointhe fact that PAK will only bind Cdc42 or Rac in their jection of Cdc42-N17, raising the possibility that the activated, GTP-bound forms (Taylor and Shalloway, action of Rac1 on HEL internalization was indirect, re-1996; Bagrodia et al., 1998). DC lysates were incubated quiring activatable Cdc42. As before, identical results with GST-PAK coupled to Sepharose beads and the were obtained regardless of whether HEL, FITC-OVA, resulting eluates were probed for Cdc42 or Rac by West-FITC-dextran, or bacteria were used as endocytic ern blot. The total levels of Cdc42, Rac1, and Rac2 were tracers.
also measured in total cell lysates of both immature and Together, these data demonstrate that Cdc42 or Rac1 mature DCs. could itself control the endocytic potential of immature Although immature and mature DCs expressed similar and mature DCs, however, the coinjection experiments amounts of Cdc42 protein ( Figure 6A, lanes 1 and 2) , suggest that Cdc42 may be the more likely effector proonly immature DCs contained detectable Cdc42-GTP tein. Since active Cdc42 was effective at reactivating bound to PAK-Sepharose beads ( Figure 6A ). Cdc42-macropinocytosis in otherwise quiescent mature DCs, GTP could not be detected in lysates of mature DCs. these findings also suggest that the components reMoreover, when mature and immature DC lysates were quired for macropinocytosis downstream from Cdc42 coincubated with the GST-PAK beads, activated Cdc42 are relatively unaffected by DC maturation.
was detected in the mixed sample at a level comparable to that of immature DCs, indicating that the mature DC Dendritic Cells Regulate Endocytosis by Regulating lysates did not contain an activity which hydrolyzed or the Activation of Cdc42 destroyed Cdc42-GTP (not shown).
The fact that microinjection of mutant alleles of Cdc42
This pattern of regulation was not observed for either and Rac1 reversed the distinctive endocytic capacities Rac1 or Rac2. Although comparable levels of Rac proof immature and mature DCs suggested that this mechatein were detected in both immature and mature DCs, nism might actually be used to control endocytosis dursimilar amounts of GTP-bound Rac1 and Rac2 also ing maturation. Therefore, we next asked if there were bound to GST-PAK beads (Figures 6B and 6C) . Thus, differences in the levels of activated (i.e., GTP-bound) unlike Cdc42, neither Rac1 nor Rac2 activation was developmentally regulated, suggesting that the ability of Cdc42 and Rac1 between immature and mature DCs. 
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It was striking that maturation caused a selective decrease in levels of Cdc42-GTP and not of Rac1-or Rac2-GTP. The functions of these Rho family GTPases can be difficult to distinguish, particularly when assaying activities such as membrane ruffling or phagocytosis following microinjection or transfection (Hall, 1998) . Indeed, based on our own microinjection experiments, Cdc42 was at best only slightly more effective than Rac1 in its ability to activate or inactivate endocytosis in mature or immature DCs, respectively. This result might reflect redundancy in function between endogenous Cdc42 and overexpressed Rac1, or that Rac1 acts downstream from Cdc42. However, the observation that Rac1-N17 failed to block the activation of endocytosis by Cdc42-L61 in mature DCs suggested that Cdc42 function was not dependent on Rac1. Dependence on known is the mechanism targeted by developing DCs Injection of Cdc42-L61 was effective at reactivating to regulate its activation. One attractive possibility is endocytosis in ‫%05ف‬ of injected mature DCs, indicating that the regulation is exerted at the level of GEFs, which that the machinery necessary for macropinocytosis and facilitate exchange of GDP for GTP. The exchange rate phagocytosis downstream of Cdc42 remains largely ininfluences the biological output of a small GTPase, e.g., tact after maturation. Although other factors probably active macropinocytosis when there is a high rate of exist which also regulate endocytosis in DCs, it is likely exchange or the cessation of macropinocytosis when that the inability of the activated mutant to completely exchange rates decrease. DC maturation may turn off restore endocytosis reflected its inability to reproduce a signal required for the activation or localization of a the normal Cdc42 cycle. Certainly, wild-type S. typhimuCdc42 GEF, altering the rate of GDP-GTP exchange. rium induced entry into almost all of the mature DCs Conceivably, such signals could be generated by recepwith which it came in contact, presumably by activating tors that detect maturation stimuli (e.g., lipopolysaccharide). An alternative might be that maturation induces a endogenous Cdc42-GDP. 5 min, fixative was aspirated, cells were resuspended in 1ϫ fixative, transferred to a 1.5 ml tube, and incubated for 30 min. Cells were Mouse DC Culture Male BDF1, C3H, C3H/HeJ, 4-6 week-old mice were purchased spun in an microfuge at 3000 rpm for 1 min, resuspended in 1M sodium phosphate (pH 7.0), and incubated for 10 min. Cells were from Jackson Laboratories or (if available) from Charles River Laboratories and bone marrow-derived DCs were cultured as previously spun as before, washed, pelleted, treated with 2% OsO 4 for 1 hr, dehydrated using a graded ethanol series and acetone, and pelleted described (Inaba et al., 1992, 2000) . Recombinant mouse GM-CSF was produced as culture supernatant from J558L cells transfected before embedding in Epon for sectioning. Three pellets of immature DC and mature DC were prepared and quantification was performed with the mouse GM-CSF cDNA (a gift of Dr. D. Gray, London, UK). Cells were cultured in RPM1, 5% FCS, 50m ␤-mercaptoethanol, on sections from the triplicate pellets. Quantification and recombinant mouse GM-CSF. Nonadherent cells were removed carefully and fresh media was added every two days. At day 6, DC Thirty-four micrographs were taken randomly from each triplicate sample of immature and mature cells. Clathrin coated (CC) vesicles clusters, which were of the "immature phenotype", were dislodged. For intermediate phenotype DC, dislodged DC clusters were disagwere scored according to the following criteria: presence of a structure with a fuzzy coat, ‫001ف‬ nm in diameter, and within one vesicle gregated and replated for 8-12 hr. For mature phenotype DC, dislodged DC clusters were disaggregated and replated with 100 ng/ diameter of the plasma membrane (PM). CC pits were scored based on the presence of the characteristic CC on the PM. The number ml LPS from S. typhimurium (Sigma) for 36-72 hr. DC clusters were
